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1.

CHAPTER I
INTRODUCTION
1.1 The Process of Speciation and Behavioral Evolution
Aristotle was the first to undertake a serious study of animal behavior as recorded
in his book on the History of Animals (Tipton 2006; Gilson 2009). Much of his work was
done by careful observation of animals in the wild on the island of Lesbos. Aristotle’s
book reads like a vast indexing of properties; categorizing different traits and grouping
animals by those categories which are essential to them. An essence is what makes a
thing what it is (Wuellner 1966). If something were to lose its essence, it would no
longer be what it is, which is why it is called essential. The concept of a species was not
exclusive to biology originally, but it was merely an order of categorization. According
to Aristotle, a species is a category under genus with an essential specific difference
(differentiae) from the other species in the genus. This specific difference is what makes
the species different from the other members of the genus. Aristotle would say, for
example, man is in the genus animal, and the differentiae which makes man a species
apart from other species in the genus animal is man’s ability to reason. This position is
known as essentialism (Oderberg 2007). Under this understanding of a species, behavior
is just another specific difference by which the species can be defined.
This understanding of a species was a major view during much of history, but it
was formed before Darwin developed his theory of evolution. Darwin’s publication of
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the Origin of Species is a major part of what led biologists to seek a new understanding of
a species (Gilson 2009). This change in understanding came from Darwin’s vision of a
species in a branching pattern of the tree of life. In Darwin’s view, species are connected
to each other, as though through a gradual continuum in the process of speciation, rather
than being a seemingly static category made of essential specific differences. The
Aristotelian mode of understanding began to fade out of the biological understanding of a
species from that point, and prominent biologists levied attacks against essentialism even
well into the 20th century (Mayr 1963).
This shift, along with the modern synthesis of evolution, led to a new
understanding of a species. As biologists began thinking about a species as a continuum
along a branch of the tree of life, the question of how to define a biological species
became more of a question of how these specific differences are preserved throughout
evolutionary time. The key observation that led to a new biological definition of a
species was that recombination (i.e. gene flow) between the species, or populations can
erase genetic differences. In fact, as little as one migrant per-generation can prevent the
fixation of an allele (Wright 1931). The modern biological definition of a species
became a group which could reproduce within itself, but which is reproductively isolated
from other groups (Mayr 1942). Speciation occurs when two groups become isolated
such that they can no longer interbreed and diverge as a result (Wright 1940). It is easy
to think of speciation as the contributing factors to isolation, but speciation involves both
the process of isolation, and the divergence of these groups by increasing the specific
differences between them (Wright 1940).
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1.2 Reinforcement
When hybridization occurs between two divergent groups, this can result in
hybrid incompatibility. Hybrid incompatibility occurs when two divergent groups
adapted for different niches produce a hybrid which is fit for neither of the parents’
niches. Because of the reduced fitness of incompatible hybrids, traits which prevent
hybridization may be selectively favorable. In cases where incompatible groups have
high rates of hybridization (e.g. sympatric groups), reinforcement may play a major role
in speciation. The significance of sympatric speciation in relation to reinforcement is
controversial and difficult to demonstrate experimentally (Hoarau et al. 2015), so this is
one area where more research is needed.
One example of reinforcement is found in Drosophila. To determine if
reinforcement occurred in Drosophila, researchers determined the rate at which
prezygotic isolation has evolved in sympatric groups relative to allopatric groups (Coyne
and Orr 1997). Higher rates of hybridization are found in recently diverged sympatric
groups than in recently diverged allopatric groups. Reinforcement, therefore, imposes a
higher selective pressure in sympatric groups than in allopatric groups. This results in a
faster rate of evolution towards a reduction of gene flow between sympatric groups. The
researchers found prezygotic isolation has evolved faster in cases where speciation has
occurred sympatrically than in cases where speciation has occurred allopatrically (Coyne
and Orr 1997). This provides evidence that reinforcement does play an important role in
sympatric speciation.
Sexual selection may seem irrelevant to the behavior of larvae because larvae are
not sexually mature, but there has been evidence that the substrate larvae are reared on
3

can affect the degree of premating isolation. Between Baja and Sonora populations of D.
mojavensis, there does appear to be reproductive isolation due to different courtship
songs (Byrne 1999). Studies have found that changing the substrate on which the larvae
of D. mojavensis are reared reduces the amount of reproductive isolation between these
populations (Etges 1998). This could mean there is a relationship between the larvae
stages, and the later sexually mature stages in mate choice.
One of the ways reinforcement has been determined in recent studies is by
looking at hybridization zones between groups that have been allopatric for long periods
of time. A study on macroalgae Fucus serratus and F. distichus showed that
hybridization in older contact zones is lower than in more recent contact zones (Hoarau et
al. 2015). The principle behind this phenomenon seems to be hybrid incompatibility
leading to reinforcement. As a population splits and becomes reproductively isolated, the
groups diverge. When the two groups come back into contact, the hybrids between the
two are not able to thrive simply because of incompatibilities between the two genomes.
These hybrids are selected against, and mutations leading to reproductive isolation are
selected for. Older contact zones have had longer periods of time to accumulate
mutations leading to reproductive isolation, so they should have less hybridization.
Another way reinforcement has been determined recently is by measuring the
fitness of hybrids. By comparing morphological and behavioral traits related to benthic
and limnetic variants of three-spined sticklebacks (Gasterosteus aculeatus), one study
found hybrid incompatibility leads to a significant decrease of fitness in hybrids
(Arnegard et al. 2014). Hence, if hybridization between these two groups is found in the
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wild, one would also expect to find the eventual development of reinforcement between
these two groups.

1.3 Ecological Host Shifts and Behavioral Niches
Behavioral adaptation is important because it can lead to behavioral isolation,
which can be a type of sympatric isolation leading to sympatric speciation. The role of
sympatric speciation is currently a controversial subject in evolutionary biology, so it is
important to look at cases where it may have occurred. One of the more famous
examples of sympatric evolution is the apple maggot fly, Rhagoletis pomonella (Bush
1969). The apple maggot originated from a species that oviposited on the hawthorn fruit,
which is native to North America. Upon introduction of the apple by Europeans, one
group began to diverge sympatrically to utilize the apple as its host. This is an example
of behavioral isolation because one contributing factor to this isolation is changes in
oviposition preference. In this species, mating occurs on the larval host plant, so the host
shift leads to a reduced chance that these two host races will hybridize. In addition to
this, because apples and hawthorns ripen at different times, the flies eclose from the pupa
at different times resulting in allochronic isolation.
Host shifts may require major changes in adaptation to the new host. One of the
more interesting examples of this is found in D. mettleri. Drosophila mettleri is related
to several different cactophilic (i.e. cactus dwelling) Drosophila (Russo et al. 1995), but
the population in the Sonora Desert does not oviposit in a cactus host. Drosophila
mettleri seems to have been competitively excluded from the saguaro (Carnegiea
gigantea) and cardón (Pachycereus pringlei) cacti by D. nigrospiracula, which also
5

appears to competitively exclude several other cactophilic species (Fellows and Heed
1972). This species has shifted oviposition preference from the cactus itself to the
necrotic saguaro and cardón exudate soaked soils. This soil can be 27 times more toxic
than the cactus itself due to evaporation (Meyer and Fogleman 1987). Subsequently,
several detoxification genes have been shown to have positively evolved to cope with this
change (Bono et al. 2008).
Examples where host shifts have led to speciation in insects clearly provide
evidence for the importance of the larval stage, but the behavioral evolution of the larval
stage in insects has been largely overlooked in favor of the adult stage. There is a need
for more behavioral studies of the larval stage in insects and to put them in this ecological
context, especially considering the importance of host shifts.

1.4 The Genetics of Behavior
To find the genes correlated with larval behavior, recent studies have performed
QTL analyses (Riedl et al. 2007; Arnegard et al. 2014). These studies begin by finding
two groups with divergent quantitative traits, and crossing them creating a new line. By
continuing this new line at least to the F2 generation, researchers can take advantage of
the process of recombination. If one starts with parents A and B, for example, each F2
progeny will have some alleles from A and some alleles from B. If the specific
individual in the F2 progeny has the quantitative trait found in group A, then one or more
of the alleles it has from A may be causative for that quantitative trait. The alleles that
individual has from B will conversely not likely be causative for that quantitative trait. In
this way, the genes correlated with the quantitative trait can be narrowed. Since a priori
6

knowledge of the causative loci is often not known, investigators often rely on genetic
markers that differ between the populations/species of interest. Under this scenario and
depending on the density of the genetic markers, studies tend to identify genomic regions
that explain the variation of a quantitative trait (Falconer and Mckay 1996). The
availability of genomic information facilitates the use of many genetic markers to
analyze, some of which can be as small as single nucleotide polymorphism (SNP)
(Campbell et al. 2015; Broman and Sen 2009). By selecting SNPs which are unique to A
and B, one can identify the origin of a region in linkage with a SNP.

1.5 The Drosophila mojavensis System
Drosophila mojavensis is a cactophilic species found in the southwestern deserts
of the United States, and the northwestern deserts of Mexico (Figure 1.1). Cactophilic
Drosophila spend their larval and adult stage in necrotic cactus tissue feeding on yeast

Figure 1.1: Ecology and geography of the four populations of Drosophila mojavensis.
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and bacteria. This species consists of four geographically isolated populations each using
a different cactus host. The corresponding cactus hosts are organpipe (Stenocereus
thurberi) in the Sonora Desert, prickly pear (Opuntia littoralis) on Santa Catalina Island
(CI), red barrel (Ferocactus cylindraceus) in the Mojave Desert and agria (S. gummosus)
in Baja California (Heed 1982). Each of these cacti differ in size, shape and chemical
and nutritional composition (Kircher 1982; Stintzing and Carle 2005). Most notably, the
prickly pear cactus has small flat cladodes, while the other cacti are large and cylindrical.
Drosophila mojavensis from CI have also been observed to utilize the prickly pear cactus
fruit (Fellows and Heed 1972; Heed 1982).
Drosophila mojavensis is thought to have diverged from a common ancestor with
D. arizonae (another cactophile) around 0.5 million years ago in Baja California
(Matzkin and Eanes 2003; Matzkin 2004). The common ancestor of these two species
originated in the Baja peninsula and split into mainland and peninsular populations. The
mainland population diverged into D. arizonae and the peninsular population diverged
into D. mojavensis (Ruiz et al. 1990). Drosophila mojavensis split into the four
geographically isolated populations during a period from about 0.3 to 0.1 million years
ago (Smith et al. 2012). The common ancestor of D. arizonae and D. mojavensis likely
bred in a prickly pear cactus in Baja (Matzkin 2008; Heed 1982), so the first host shift in
D. mojavensis was likely was from prickly pear to agria in Baja, while the group which
eventually moved to Santa Catalina Island remained in prickly pear. The next host shift
was probably from agria to organpipe in Sonora (Matzkin 2004) followed by a shift from
prickly pear on Santa Catalina Island to red barrel in the Mojave Desert (Matzkin 2008).
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As D. mojavensis shifted hosts and became geographically isolated, they became
uniquely adapted to each of the four cactus hosts.
The different species of cactus hosts vary in chemical content (Kircher 1982), and
these chemical differences between the cactus hosts have likely impose strong selective
pressures on the four D. mojavensis populations leading to adaptation. One of the clearer
cases is adaptive evolution of the detoxification gene Glutathione S transferase D1
(GstD1). Drosophila mojavensis has population specific GstD1 alleles (Matzkin 2008),
which change expression levels depending upon the cactus host the larvae is reared on
(Matzkin et al. 2006). The largest difference appears to be between the northern (CI and
Mojave) populations and the southern (Baja and Sonora) populations. The southern
populations have fixed amino acid substitutions due to positive selection in the GstD1
active site (Matzkin 2008). This amino acid substitution results in the protein no longer
being able to bind to the normal substrate, glutathione (Sanders 2017). This means there
was either a change, or loss in function for the GSTD1 protein.
The alcohol dehydrogenase (Adh) gene, used in metabolism of alcohol, contains
fixed differences between Adh in D. mojavensis and D. arizonae suggesting positive
selection (Matzkin and Eanes 2003). Drosophila mojavensis and D. arizonae tend to
occupy different cactus hosts, which have different levels of alcohol content, so the
evolution of Adh is likely to be directly related to the host shift. Additionally, there are
two electrophoretic alleles (Fast and Slow) of Adh2 where the Fast allele is at a higher
frequency in D. mojavensis in Baja California, while the Slow variant is at a higher
frequency in mainland Sonora populations (Matzkin 2004).
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The four populations of D. mojavensis are allopatric, and have some minor premating isolation (Markow 1991), although they can easily hybridize (Reed et al. 2007).
As mentioned above, between Baja and Sonora populations of D. mojavensis, there does
appear to be some reproductive isolation due to differing courtship songs (Byrne 1999),
although there is no evidence for reproductive isolation between the other populations
beyond the geographic isolation. This reproductive isolation is not likely due to
reinforcement between populations of D. mojavensis, but there is a long standing
hypothesis that contact with D. arizonae led to reinforcement (Wasserman and Koepfer
1977; Zouros and d'Entremont 1980). Drosophila mojavensis is sympatric with D.
arizonae in Sonora (Fellows and Heed 1972). Sympatric D. mojavensis females are less
likely the mate with D. arizonae males than female D. mojavensis allopatric to D.
arizonae (Markow 1981), hence support the existence of reinforcement.
Drosophila mojavensis is a useful model organism for studying hosts shifts, and
the process of speciation due to its four allopatric populations with unique cactus hosts.
Drosophila mojavensis may also be a useful model organism for studying competition
because of the harsh conditions and limited resources in deserts. The possibility of
interspecific and interspecific competition in the four populations of D. mojavensis is
worth considering.
Intraspecific competition between the four populations of D. mojavensis is
probably not a major factor because of the geographic isolation between the populations,
but there may be interspecific competition. Drosophila mojavensis sympatric to D.
arizonae again serves as an example. Drosophila mojavensis in Sonora tends to use the
S. thurberi (organpipe) cactus while D. arizonae tends to use S. alamosensis (cina), but
10

both species have been found to emerge from both cacti (Ruiz and Heed 1988). This
hints towards a possible competitive environment. Further supporting this idea, one
study found D. mojavensis from Sonora has greater fitness in the cina cactus despite the
fact they are found to be more abundant on organpipe (Ruiz and Heed 1988). This
evidence supports the idea that D. arizonae is competitively excluding D. mojavensis
from utilizing cina in Sonora. Interestingly, D. mojavensis in Baja has access to both
agria and organpipe cacti, but utilizes agria, which D. mojavensis performs better in,
almost exclusively (Ruiz and Heed 1988). Perhaps this can be explained by the
hypothesis that D. mojavensis utilizes organpipe due to competition from D. arizonae in
cina. Note that there is a population of D. arizonae in Baja, but the population is small
and recent (Reed et al. 2007).
Interspecific competition in Sonora has been tested in an experiment utilizing
artificial cactus rots (Fellows and Heed 1972), and D. mojavensis was not found to be
competitively excluded from cina by D. arizonae. It should be noted, however, that these
studies on fitness and competition (Fellows and Heed 1972; Ruiz and Heed 1988) are
limited in that they use artificially rotted cacti. It is not clear why D. mojavensis would
evolve to specifically utilize the organpipe cactus while cina is available. This may be an
indication that the artificial organpipe rot is not a good representation of the natural
environment. On the other hand, assuming the study is correct, another possible
explanation is that the host preference for organpipe is merely due to a similar chemical
makeup of organpipe to the agria cactus. Agria, organpipe, and cina are all in the genus
Stenocereus, and it is believed that D. mojavensis originated in Baja on the agria cactus.
Perhaps D. mojavensis has not had time to evolve a preference for cina, and uses
11

organpipe simply due to a chemical similarity to agria. This hypothesis is supported by
the fact that D. mojavensis from Sonora prefer agria, but agria is rarely found in Sonora
(Fellows and Heed 1972). Chemoreception is one of the fastest evolving traits in
Drosophila (Clark et al. 2007), but these populations in Sonora developed relatively
recently (between 0.3 and 0.1 million years ago) (Smith et al. 2012).
These previous studies on competition may have some limitations. Fellows and
Heed (Fellows and Heed 1972) only measured the number of eclosing progeny while
Ruiz and Heed (Ruiz and Heed 1988) also measured the thorax size and developmental
time. The thorax size is a significant indicator of fitness because it is correlated with egg
production in Drosophila (Robertson 1957). As thorax size increases, egg production is
also found to increase. Even if the number of eclosed flies is the same, the number of
eggs produced by the female could be significantly lowered by competition.
All that said, D. arizonae is competitively displaced by D. mojavensis in
organpipe (Fellows and Heed 1972). This may be an area where competition plays a
direct role in shaping behavior. Perhaps, D. mojavensis, has adapted to the new host (i.e.
from agria to organpipe), by competitively displacing D. arizonae. If this is the case,
then there may be foraging strategies, such as higher larval activity in D. mojavensis from
Sonora, which allow the larvae to be more efficient at resource acquisition than D.
arizonae.
In agria, D. mojavensis and D. arizonae do not competitively displace each other
(Fellows and Heed 1972). There seems to be a difference between organpipe and agria
that allows D. mojavensis to displace D. arizonae in the organpipe cactus, but not in the
agria cactus. Perhaps the unfavorable environment, as indicated by the lower fitness in
12

organpipe for both species (Ruiz and Heed 1988), increases the need for access to food,
and raises the competition in this host.

1.6 Pupation Height in Drosophila mojavensis
Pupation height is one behavior that has been shown to vary in Drosophila
(Markow 1979; Sokolowski and Hansell 1983; Jost 2013). Drosophila are typically kept
in a vial with food medium at the bottom. The pupation height is a measure of how far
the larvae travel from the medium up the vial to the final pupation location (Figure 1.2).
These pupation heights are important because they may reflect different strategies in host
utilization.
Differences in pupation height across all four D. mojavensis populations have
recently been characterized (Jost 2013). The most extreme difference is between larvae
from CI, which tend to pupate in rearing media (banana-molasses), and the larvae from
Sonora, which tend to pupate above the media (Figure 1.1; Figure 1.2; Figure 1.3). This
difference in pupation height may be due to adaptation to the different cacti. Drosophila
mojavensis from Sonora utilizes the organpipe cactus, which is by far its largest cactus
host, while the population on Santa Catalina Island utilizes the prickly pear cactus, the
smallest cactus utilized by this species. Since the smaller size of the prickly pear cactus
allows for a smaller range of movement, there may have been selection for less active
behavior in CI populations. The larger size of the organpipe cactus may be more
favorable for more active larvae, which can access food resources further from the
original site it was oviposited.
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Figure 1.2: An example of the distinct larval and pupation behavior between
the Sonora (left) and CI (right) populations
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Figure 1.3: The mean pupation height across the four populations
of D. mojavensis and D. arizonae with the standard error of the
mean (Jost 2013). The letters above each bar represents the
similarity between the groups as determined by a a post-hoc Tukey
test following a one-way Analysis of Variance (ANOVA).

Table 1.1: The results of the ANOVA showing a significant
difference between four populations of D. mojavensis and D.
arizonae (Jost 2013).
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Previous studies provide evidence that there may be a link between general
activity and pupation height. Two variants in larval behavior in Drosophila are named
the sitter and the rover morphs (Sokolowski 1980). The rover covers a larger area when
forging for food than the sitter suggesting a difference in forging strategy where, perhaps,
the sitter is better for dense areas of food and the rover is better where the food pockets
are more scattered. The rover variant pupates higher in a glass vial than the sitter
(Sokolowski and Hansell 1983). Since the rover variant is more active than the sitter,
there is a correlation between larval activity and pupation height. The activity of the two
larval morphs differs in the presence of yeast with the rover morphs moving faster than
the sitter variant (de Belle et al. 1989), however, in the absence of yeast, the two morphs
behave similarly and there is no difference between their activity (Sokolowski 2001).
This suggests that the behavior difference does not mean rover is inherently faster than
the sitter, but that they have different foraging strategies. Nonetheless, the larvae are
reared in medium containing yeast, so the activity difference may still factor in pupation
height. This behavioral difference was ultimately linked to the cGMP-dependent protein
kinase (PKG) gene (Osborne et al. 1997).
A previous QTL analysis found 39 candidate genes relating to pupation behavior
(Riedl et al. 2007). This study looked at larval wandering behavior, and pupation site
selection in D. melanogaster (larval speed was not assessed in that study). Another study
(Jost 2013) used the McDonald–Kreitman test (McDonald and Kreitman 1991) to
determine if any of the loci discovered by Riedl (Riedl et al. 2007) were under selection
in D. mojavensis. Two of the loci, ionotropic receptor 56 and GI23048, were found to
have high nonsynonymous/synonymous divergence, suggesting positive selection. This
16

suggests that these two genes may potentially be those involved in the activity difference,
however, as mentioned above, they did not measure activity directly.
A related topic that has been of some interest in the field is the effect of toxins on
larval feeding rate. In one study, populations which have been adapted to urea and
ammonia were found to have decreased larval feeding rates (Borash et al. 2000). Another
study looked at the path length of larvae and found that an increased path length
correlates with increased feeding rates and vice versa (Mueller et al. 2005). This suggests
adaptation to urea and ammonia reduces the activity of larvae, which reduces the rate of
feeding. The researchers tested this more directly and found adaptation to urea and
ammonia leads to shorter path lengths. One explanation of this is that detoxification
costs additional energy, which is necessary for the larvae to move quickly. Thus, some
behavioral differences between populations are likely dependent upon energy availability.
There is also an evolutionary constraint on the activity of larvae due to feeding
efficiency. While the more active larvae have higher feeding rates, they have reduced
efficiency due to the increased use of energy (Mueller and Barter 2015). More
efficiency, shorter path lengths and lower feeding rates may be necessary when dealing
with the energy costs of detoxification. This is especially relevant to a host shift where
larvae may have to adapt to differing toxin abundance and diversity.
Another factor in energy availability balanced with behavior is larvae crowding.
The more crowding there is, the more competition there will be for resources. In
crowded larval environments, there is selection for higher larval feeding rates (Joshi and
Mueller 1988) presumably because more active larvae can find and use food resources
before less active larvae. For the same reason, higher feeding rates have been shown to
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be advantageous for larvae in competition (Mueller 1988). In cases where there is
competition between two groups for a single host, therefore, as there seems to be between
D. arizonae and D. mojavensis, one can make several predictions: First, one should
expect higher activity in groups with high levels of competition than in groups with low
levels of competition. Secondly, in cases of competitive exclusion, one should expect the
excluded group to be less active than the group, which dominates the niche. On the other
hand, one also must consider that larvae produce nitrogenous waste, which accumulates
overtime. In cases of larval crowding, this waste has been shown to build up to a point to
where it can lead to the adaptation of lower feeding rates (Borash et al. 1998). There is
likely a balance between competition and detoxification, which leads to an overall
selective pressure on the differing larval activities (Mueller and Barter 2015).

1.7 The Present Work
This study aims to measure behavioral differences in terms of activity between the
four populations of D. mojavensis, and to prepare a library for QTL analysis to determine
the genetic underpinnings of that behavior. As shown above, there is a lack of
knowledge regarding larval behavior, and there is a need for more research to determine
the significance of larval behavior in host shifts and the process of speciation. Looking at
differences in larval activity may give key insight into the evolutionary changes found in
host shifts and the process of speciation. There are also related areas of research such as
research into energy availability, detoxification and competition, which could benefit
from a better understanding of larval activity. If, for example, detoxification genes are
found to be highly correlated with the activity differences found in D. mojavensis larvae,
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and these genes are under selection, then this would be strong evidence for the
importance of detoxification in activity and host shifts. With the well described ecology
of D. mojavensis, a clear understanding of how these factors influence speciation in the
natural world can be obtained.
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2.

CHAPTER II
METHODS
2.1 Activity assay
To measure the activity of larvae, five third instar larvae were picked, and placed
on a 10 cm Petri dish filled with 1% agar. The activity of the larvae was recorded with a
Point Grey video camera (Figure 2.1a). The activity of the larvae was recorded at 5
second intervals for a duration of 5 minutes. The hybrids for the QTL were recorded at
2.5 second intervals for a duration of 5 minutes. These videos were imported into the Fiji
package (https://fiji.sc/) of ImageJ (https://imagej.nih.gov/ij/). Using the TrackMate
plugin, the movement of the larvae was tracked automatically (Figure 4.1b) giving the
mean speed of the entire track. The individual larva tracks were each trimmed to be a
duration of 10 frames (20 frames for the QTL) just before the larva reached the edge of
the Petri dish.

2.2 Activity of the four populations
A total of 986 larvae was collected from the four geographically isolated D.
mojavensis populations. In addition, 841 larvae from D. arizonae, and 99 larvae from D.
navojoa (two cactophilic species closely related to D. mojavensis) were collected for
comparison to D. mojavensis. The larvae were reared in a banana-molasses medium with
yeast, and their activity was measured using the locomotion activity assay as described
above.
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A

B

Figure 2.1: Camera above a backlit Petri dish with 1% gel agar for recording activity
(A), and a typical larval track (B).
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2.3 Activity of Sonora – CI F1 cross
Virgins were collected from Sonora and CI within 24 hours. MJ122 (Sonora) and
CI Genome (CI) isofemale lines were used because the genomes of these two lines have
been previously sequenced (Clark et al. 2007; Allan 2013). This test was intended to
prepare for a QTL, so the sequence of the genomes had to be known. Virgin females
from Sonora were crossed with virgin males from the CI population in a cage with
banana agar medium. The reciprocal cross was done in the same manner. The activity of
the F1 hybrids and the parental lines (a total of 277 third instar larvae) were measured
using an activity assay.

2.4 Activity in cactus medium
To test the activity in a natural host, necrotic organpipe cactus was blended and
mixed with agar to form a cactus agar medium. The necrotic cactus was generated by
inoculating fresh tissue with the natural necrotic cactus microflora. This consisted of five
yeast species (Pichia cactophila, Candida sonorensis, Sporopachydermia cereana, P.
amethionina amethionina and C. ingens), and one bacteria species (Pectobacterium
cacticida) following previous procedures to generate artificial cactus rots (Matzkin et al.
2006). Drosophila mojavensis from Sonora and CI were left to oviposit on banana
medium to increase the number of eggs oviposited. These eggs were transferred to the
cactus medium and the larvae were reared in this environment until the third instar stage.
A total of 166 third instar larvae were picked for an activity assay. This same test was
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done using the prickly pear cactus, but not enough larvae survived to perform an activity
assay with significant results, and the ones that did survive were very unhealthy.

2.5 Activity assay of F8 CI-Sonora hybrids
Advanced intercross lines (AIL) were first created (Broman and Sen 2009) using
the CI Genome and MJ122 lines because the genomes of these two lines have been
previously sequenced (Clark et al. 2007; Allan 2013). One hundred virgin females from
Sonora and one hundred virgin males from CI were crossed in bottles. The reciprocal
cross was also made in bottles. The F1 generation of both crosses were combined in a
cage with a banana medium plate. The plates were replaced every other day until the 8th
day when a modified banana medium plate was added. For the modified plate,
approximately half a centimeter was removed around side the banana medium plate. The
top of the plate was covered with a yeast paste (baker’s yeast and water) to entice the
flies to oviposit on the sides. The following day, eggs from the banana food plate were
cut from the medium, and move to vials to control for density (approximately 40 eggs in
each vial). After 19 days of the flies developing in the vials, they were transferred back
to a cage, and this process was repeated until the F8 generation.
A total of 1500 F8 third instar larvae were collected for the activity assay. The
room temperature was measured for each of five larvae recorded. Larvae that did not
move at all were considered dead and excluded from the study along with larvae that
became stuck in the gel agar, and other abnormalities. A total of 950 larval from the
1500 F8 originally measured, were selected at random for DNA extraction (they were
selected from the list in the order that they had been recorded excluding the
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abnormalities). DNA was extracted from these larvae using DNeasy spin columns in the
Qiagen extraction kit. This DNA was quantified using a NanoDrop (concentration range
of 15.2 to 199 ng/µl in 60 µl of AE buffer). Larvae with poor and low DNA extraction
yield were also excluded, and replaced with the next larvae on the list.

2.6 DNA library preparation
A total of 192 SNPs between the CI and Sonora lines were chosen as markers for
the QTL with spacing of ~800,000 base pairs. These SNPs were confirmed using Sanger
sequencing. To prepare for Illumina sequencing, a DNA library was produced following
a previously developed method (Campbell et al. 2015). This requires an attachment of a
small RNA primer and read 2 primer to opposite ends of the SNP region in PCR1 (Figure
2.2).
In the second PCR (PCR2), the i5 well position barcode and the P5 capture
sequence were added to the small RNA primer, while the i7 plate number barcode and the
P7 capture sequence were added to the read 2 primer.
For PCR1, 2 µL of DNA from each of the 950 larvae were distributed into ten 96
well plates (the last well was a blank) with 3.5 µL of Qiagen Plus multiplex master mix,
and 1.5 µL of pooled primer mix (10 µM). The samples were run on a thermocycler at 95
°C for 15 mins followed by 5 cycles of 95 °C for 30 seconds, a 5% ramp down to 57 °C
for 30 seconds, and 72 °C for 2 mins. The next step was 20 cycles of 95 °C for 30
seconds, 65 °C for 30 seconds, and 72 °C for 30 seconds. Exonuclease I and Antarctic
Phosphatase (Exo-AP) (NEB) were used to clean the sample of excess primers and
dNTPs respectively.
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Figure 2.2: SNP DNA library preparation (Campbell et al. 2015).
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For PCR2, 3 µL of PCR1 product from each well was transferred to ten a new 96
well plates with 2 µL of well-specific i5 tag primers (5 µM), 1 µL of plate-specific i7 tag
primers (10 µM), and 6 µL of Qiagen Plus multiplex master mix. The samples were run
on a thermocycler at 95 °C for 15 mins followed by 5 cycles of 98 °C for 10 seconds,
65°C for 30 seconds, 72 °C – 30 seconds followed by 72 °C for 5 mins.
Each plate was pooled into a 200 µL sample. Each pooled plate was purified
individually by gel agarose electrophoresis with Sybr Safe DNA florescent gel stain. The
bands with the pooled library were determined by the expected DNA length and negative
controls. These bands were excised, and removed from the gel agarose using a Qiagen
gel purification kit. The resulting sample was concentrated using a Qiagen MinElute
PCR purification kit resulting in 10 µL per plate. These samples were then submitted to
HudsonAlpha Institute for Biotechnology for sequencing.
At HudsonAlpha Institute for Biotechnology, the ten plates were analyzed on the
Bioanalyzer to see if the desired bands were isolated successfully. The results were
consistently clean, and contained nearly identical peaks in the range expected for this
DNA library (Figure 2.3 - Figure 2.12). The sequencing of this DNA library will be done
in a future study.
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Plate 1

Figure 2.3: Bioanalyzer results for pooled plate 1 of the DNA library.

Plate 2

Figure 2.4: Bioanalyzer results for pooled plate 2 of the DNA library.
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Plate 3

Figure 2.5: Bioanalyzer results for pooled plate 3 of the DNA library.

Plate 4

Figure 2.6: Bioanalyzer results for pooled plate 4 of the DNA library.
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Plate 5

Figure 2.7: Bioanalyzer results for pooled plate 5 of the DNA library.

Plate 6

Figure 2.8: Bioanalyzer results for pooled plate 6 of the DNA library.
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Plate 7

Figure 2.9: Bioanalyzer results for pooled plate 7 of the DNA library.

Plate 8

Figure 2.10 Bioanalyzer results for pooled plate 8 of the DNA library.
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Plate 9

Figure 2.11: Bioanalyzer results for pooled plate 9 of the DNA library.

Plate 10

Figure 2.12: Bioanalyzer results for pooled plate 10 of the DNA library.
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3.
CHAPTER III
RESULTS
3.1 Activity of the four populations of D. mojavensis
There is a significant difference in activity when looking at all four populations of
D. mojavensis (Figure 3.1; Table 3.1), which is consistent with the differences in
pupation heights (Figure 1.3). The population from CI has the lowest activity among D.
mojavensis populations, but its activity is not significantly different from D. navojoa
(Figure 3.1). Drosophila navojoa also breeds in a cactus in the genus Opuntia, O.
wilcoxii (Ruiz and Heed 1988).

3.2 Activity of Sonora – CI F1 cross
The Sonora – CI F1 cross resulted in a mean speed between the two parent
populations of D. mojavensis and the hybrids (Figure 3.2; Table 3.2). There was no
significant difference between the two F1 reciprocal crosses.

3.3 Activity in cactus medium
The larvae grown in necrotic organpipe cactus medium still showed an activity
difference between the CI and Sonora populations of D. mojavensis (Figure 3.3; Table
3.3). This result suggests that the behavioral difference exist in the natural host, and are
not solely due to growth on banana medium, which does not contain compounds found in
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Figure 3.1: The mean speed with the standard error of third instar larvae
from the four populations of D. mojavensis, D. arizonae, and D. navojoa.
The letters above the bars indicate significance (P < 0.05) determined by a
post-hoc Tukey test following a one-way ANOVA.

Table 3.1: The results of the ANOVA showing a significant difference
between four populations of D. mojavensis and D. arizonae.
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Figure 3.2: The mean speed and standard error of third instar larvae of the
hybrids of Sonora and CI. Letters above the bars indicate significance (P <
0.05) determined using a post-hoc Tukey test following a one-way
ANOVA.

Table 3.2: Results of ANOVA for the cross between the CI and Sonora
populations. P <0.0001.
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Figure 3.3: The mean speed and standard error of third instar larvae
from CI and Sonora populations grown in banana and organpipe
cactus medium.

Table 3.3: The results of the F test showing a significant difference in
activity between D. mojavensis from Sonora and CI reared an artificial
organpipe cactus rot.
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cactus. The third instar larvae were smaller than those grown on banana, which probably
accounts for the slower speed. An activity assay of larvae reared on necrotic prickly pear
cactus was attempted, but the larvae did not survive in the artificial cactus rot. Future
tests could be done on cactus rots colected from the field, and in perhaps also in the
prickly pear fruit.

3.4 Distribution of the mean speed of the advanced intercross lines
The distribution of mean speeds of D. mojavensis from CI appears to be narrow in
comparison to the distribution found from the Sonora population (Figure 3.4; Table 3.4).
The distribution of the mean speed of the advanced intercross lines of CI and Sonora at F8
encompassed the distribution of the Sonora and CI with an average between the two
speeds (Figure 3.4; Table 3.4). A QTL analysis requires a mixing of the alleles evenly in
the cross (as shown in Figure 3.4).
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Distribution of larval mean speed
CI
Sonora
F8 AIL

Larval mean speed (cm/min)
Figure 3.4: Distribution of larval mean speed (cm/min) for D. mojavensis from CI,
Sonora and the F8 generation of the AILs.

Table 3.4: Mean, variance, standard deviation and range of the larval mean speed
(cm/min) for D. mojavensis from CI, Sonora and the F8 generation of the AILs.

Group
CI
Sonora
F8 AIL

Mean
2.59
4.25
3.25

Variance
0.92
2.13
1.64
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Standerd deviation
0.96
1.46
1.28

Range
4.90
8.29
7.52

CHAPTER IV
DISCUSSION
The activity difference between the populations (Figure 3.1) seems to correlate
closely with the pupation heights (Figure 1.3) measured in a previous study (Jost 2013)
with D. mojavensis from Sonora and CI remaining the two extremes. Drosophila
mojavensis from CI and D. navojoa both have the same mean speed (Figure 3.1). This
supports the hypothesis that the cactus host shift is responsible for the change in activity
because both D. mojavensis and D. navojoa breed in a prickly pear cactus (O. littoralis
and O. wilcoxii respectively). One of the most notable differences between the two
extremes (Sonora and CI) is the hosts (Figure 1.1). Drosophila mojavensis from Sonora
oviposits in the organpipe cactus, which is the largest of the four cactus hosts in the D.
mojavensis species. Drosophila mojavensis from CI oviposit in the prickly pear cactus.
The prickly pear cactus has flat pad-like cladodes, which are drastically smaller
compared to the hosts of other three D. mojavensis populations. This suggests that the
size difference may be a factor leading to the observed of larval activity difference
between populations.

6.1 Adaptation by cactus shape
One possible explanation along these lines is, in the case of a smaller host, the
larvae have a limited range in which to collect food. In these conditions, there may be
selection against unneeded activity. Current models suggest lower feeding rates are more
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efficient (Mueller and Barter 2015), so if a higher activity is not providing some selective
advantage, this would be an unnecessary use of energy for the larvae. Conversely, if
there is more room in the cactus host such that more active larvae can reach an area with
nutrients first, then higher activity might be more advantageous.

6.2 Nutrient content and larval activity.
One issue that has not yet been fully explored is how nutrient rich, or nutrient
poor environments affect activity, but the current model suggest the activity will slow
with lower nutritional content in the host (Mueller and Barter 2015). This is because
slower feeding rates are expected to result in greater net energy intake than faster feeding
rates. This does not match the little that is known about the nutritional content of the
cactus used by Sonora and CI. Researchers have noted that in CI D. mojavensis can be
reared from the prickly pear fruits (Fellows and Heed 1972; Heed 1982). This prickly
pear fruit is even used by humans in a variety of ways as a sweet food (Stintzing and
Carle 2005). For D. mojavensis, and the yeasts the larvae feed on the prickly pear fruit is
probably a more nutrient rich, and favorable environment in general than any cactus
stem. The organpipe cactus, on the other hand seems to be a relatively nutrient poor host
(Etges and Heed 1987; Ruiz and Heed 1988). The activity of these two populations are
opposite of what one would expect given the model, but one explanation for this may be
that this is not considering competition, or larval crowding. If the nutrients available in
the prickly pear fruit are more plentiful, then this may mean there is less competition for
those resources and less need to travel to get the resources needed relative to an
organpipe cactus.
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6.3 Larval crowding and competition.
Selection for higher larval feeding rates have been observed in cases of larval
crowding (Joshi and Mueller 1988). The most likely reason for this is that faster larvae
have a better chance of competing for food resources. Not surprisingly, faster feeding
rates also help in competition for the same reason (Mueller 1988). Since feeding rates are
correlated with path length (Mueller et al. 2005), perhaps the mean speeds shown in
Figure 3.1 are affected by larval crowding, or competition.
All four D. mojavensis populations are allopatric, so there is likely no significant
competition between the four populations, but there may be interspecific competition. In
Sonora, D. mojavensis tends to use the S. thurberi (organpipe) cactus while D. arizonae
tends to use S. alamosensis (cina), but both species have been found to emerge from both
cacti (Ruiz and Heed 1988). One study shows that D. arizonae is competitively displaced
by D. mojavensis in organpipe (Fellows and Heed 1972), but not in agria (Fellows and
Heed 1972). Agria is a more favorable environment than organpipe for D. arizonae and
D. mojavensis (Ruiz and Heed 1988), so perhaps there is a scarcity of nutrients in the
organpipe cactus relative to the agria cactus. This scarcity of nutrients may lead to higher
levels of competition.
Considering that the CI species is slower, one might not expect much competition,
but Santa Catalina Island does have at least four other species of cactophilic Drosophila
(D. hamatofila, D. mainlandi, D. mettleri and D. wheeleri) (Kao and Nuzhdin 2014).
Considering that the only kind of cactus present on Santa Catalina Island is prickly pear,
competition may be a factor. If surveys of population sizes are accurate, D. mojavensis is
fairly rare on Santa Catalina Island (Kao and Nuzhdin 2014). Now, there may be an
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isolated location on the island where D. mojavensis thrives, but if not, maybe the lack of
D. mojavensis suggests there is strong competition in these cacti. This does not
necessarily mean that the strategy D. mojavensis takes to deal with this competition is to
increase activity, in fact, this is evidentially not the case (Figure 3.1).
Another strategy for dealing with competition is to shift to another niche.
Drosophila mettleri, for example, seems to have been competitively excluded from the
saguaro (Carnegiea gigantea) and cardón (Pachycereus pringlei) cacti by D.
nigrospiracula. This becomes very plausible when considering that D. nigrospiracula
competitively excludes several other cactophilic species (Fellows and Heed 1972). This
species has shifted oviposition preference from the cactus itself to the saguaro and cardón
exudate soaked soil. This soil can be 27 times more toxic than the cactus itself due to
evaporation (Meyer and Fogleman 1987), and several detoxification genes have evolved
to cope with this change (Bono et al. 2008). If D. mojavensis on CI, rather than
developing higher activity, adapted to a niche which is less favorable, but free from
competition, then perhaps this could explain the relatively few D. mojavensis collected on
CI. Levels of nitrogenous waste produced by larvae, for example, increase with time
(Borash et al. 1998) changing the chemical composition of that niche. Drosophila
mojavensis in CI may have been pushed out of the younger necrotic cactus rots by these
competing cactophilic Drosophila into older rots with higher levels of nitrogenous waste.
If these other cactophilic Drosophila are adapted to the younger necrotic cacti, then D.
mojavensis in CI could become adapted the older necrotic cactus rots where it is better
able to compete. As will be discussed below, the lower activity seen in D. mojavensis in
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CI could be an adaption to older necrotic cactus rots with higher levels of nitrogenous
waste.

6.4 Detoxification may result in lower activity.
Another possible explanation for the activity difference between CI and Sonora
populations could be differences in toxin content between the prickly pear cactus and the
organpipe cactus. Previous studies have found that larval feeding rates, and path length
decrease in larvae adapted to conditions with urea and ammonia (Borash et al. 2000;
Mueller et al. 2005). The reason for this may be that detoxification costs energy, which
would otherwise be used towards higher larval activity (Mueller and Barter 2015). Some
research has examined the toxins in relevant cacti (Kircher 1982; Stintzing and Carle
2005), but not nearly enough to provide much insight into whether significant adaptation
would be necessary in a host shift. That said, the chemical complexity of prickly pear
cactus does seem to be less than the columnar cacti (Kircher 1982; Stintzing and Carle
2005), and this has led to the suggestion that columnar cacti may be more demanding for
cactophilic Drosophila than the prickly pear cactus (Soto et al. 2014).
If the cost of detoxification is a major cause of the activity difference between
Sonora and CI populations, one might expect the Sonora population to be slowed down
relative to the CI population due to the quantity of toxins, which is the opposite of what
was observed here. This is just speculation because the relevant toxins and detoxification
enzymes are unknown, but prima facie, detoxification is not likely a reason for the
activity difference. That said, this explanation should not be ruled out entirely. While
larval crowding does seem to result in adaptation of faster activity due to competition for
42

resources, larval crowding can also increase levels of nitrogenous waste, which can lead
to lower activity (Borash et al. 1998). Since the flat pad-like cladodes on the prickly pear
cactus have a smaller volume, the amount of nitrogenous waste built up in the prickly
pear rots may be worth investigating. A previous study showed that, in crowded
environments, flies which eclose earlier evolve a higher activity than flies that eclose
later (Borash et al. 1998), and subsequent studies present strong evidence this is due to
increased levels of ammonia produced by the larvae as waste (Borash et al. 2000; Mueller
et al. 2005). As mentioned in the section on competition, D. mojavensis in CI may have a
strategy where they either enter the prickly pear cactus after it has been utilized by
another cactophilic species due to being competitively excluded from the early necrotic
cactus rots. In this scenario, there would be more nitrogenous waste for D. mojavensis to
detoxify, and this could lead to lower activity as an adaption to the toxins as seen in
previous studies with Drosophila (Borash et al. 2000; Mueller et al. 2005).
Kircher noted that D. mojavensis emerging from the agria cactus are smaller than
those emerging from the organpipe cactus (Kircher 1982). Kircher speculated that the
higher glycoside concentration in the agria cactus relative to the organpipe cactus may
cause this size difference. While later results contradict the report that D. mojavensis
emerging from the agria cactus are smaller than those emerging from the organpipe
cactus (Etges and Heed 1987; Ruiz and Heed 1988), perhaps adaptation to these higher
glycoside levels results in the lower activity seen in the Baja population relative to the
Sonora population (Figure 3.1). In any case, the significance of detoxification in larval
activity certainly cannot be ignored as it seems to be a major part of larval energy
management.
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6.5 Larvae reared on artificial cactus rot
The larvae that were reared on organpipe still showed a significant difference
between D. mojavensis from Sonora and CI (Figure 3.3; Table 3.3), which is a sign that
this difference is still present in the wild. This also shows that the difference between the
populations is not only because larvae are reared on banana. That said, the organpipe
cactus is not the natural host for D. mojavensis in CI. The natural host is prickly pear.
This test was done on the prickly pear cactus, but there were not enough survivors to
come to any significant conclusion. The reason for this probably is related to with the
way the artificial rot was prepared. Future studies can be performed with fresh cactus
rots in the wild. In addition to rearing the larvae on the prickly pear cladodes, larvae can
also be reared on the prickly pear fruit.
Future results could show that the activity is ultimately the same between the
populations when CI is grown on the prickly pear cactus. This seems less likely since the
difference in activity is present when the larvae are reared on banana and the necrotic
organpipe cactus. In any case, the differences between CI and Sonora do seem to be
genetic (Figure 3.2; Table 3.2: Figure 3.3). Perhaps, for example, the toxins in the
organpipe cactus causes a reduction in the size of the Sonora population such that it takes
extra energy to get to the same speed as CI. Whether the difference is still present when
reared in prickly pear will be determined in the future, but currently the evidence
supports the hypothesis that the activity difference between D. mojavensis populations
from Sonora and CI is present in the wild.
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6.6 Distribution of mean speed in CI-Sonora crosses
The first test of the activity in F1 crosses of the CI and Sonora populations of D.
mojavensis shows that the crosses fall between the two parent population’s means speed
(Figure 3.2; Table 3.2). This is evidence that the activity is genetically additive. In this
case, the activity of the two directions were not significantly different (Figure 3.2; Table
3.2).
The second test looked at the distribution of the activity of the F8 generation D.
mojavensis AILs used for the QTL. The distribution of the AILs is normal and lies
between the Sonora and CI (Figure 3.4; Table 3.4). This confirms the additive nature of
the trait (Figure 3.2; Table 3.2), and suggests this data set will be suitable for QTL
mapping analysis. There are ways of dealing with non-normal phenotype distributions,
but a normal distribution is preferable for statistical power (Broman and Sen 2009). The
sequencing data will be used in a QTL analysis in future study.

6.7 Future work
There are quite a few hypotheses that need to be tested to gain a better
understanding of host shifts and the process of speciation in D. mojavensis. Of primary
importance is a further investigation into the genetics of this behavior. A future QTL
analysis will help identify general genomic regions in which to look for candidate genes,
but this is not sufficient to determine with exactitude the gene(s) involved in the activity
difference. The genes can be narrowed down by knocking out candidate genes with
CRISPR/Cas9 followed by measuring the larval activity. Then the genes can be
narrowed further by swapping the genes using CRISPR/Cas9 followed by measuring the
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larval activity. This may also show the amount by which these genes affect the larval
activity. Additional future analyzes will also focus on gene expression differences
between larva brains from the different populations.
One of the open questions here is whether the difference in cactus shape is a cause of
the evolution of lower larval activity in the CI populations of D. mojavensis, or the higher
activity in Sonora populations. A transgenic line of D. mojavensis from Sonora with
lower activity can be created, and placed in an organpipe cactus rot in the field. The
reverse can be done with D. mojavensis from CI with genes for higher activity in CI.
Fitness of these lines could then be assessed by measuring the emergence time,
the size and the number eclosed. If the transgenic lines have a lower fitness, this would
be evidence that the gene for higher, or lower activity is linked with adaptation to the
different cactus.
This kind of test would not indicate whether the observed increased performance is
related to detoxification, cactus shape, larval crowding, competition, or cactus nutrient
content. These alternative factors can be narrowed down independently using transgenic
larvae in a similar way. The fitness response to toxins and nutrients can be measured in
vials controlled for these variables. The fitness response to larval crowding can be tested
on cacti in the field in the same way as above, but with varying the number of larvae
placed in the cactus. The fitness response to competition also can be tested in the same
way, but by including larvae likely to be in competition with D. mojavensis, such as D.
arizonae with the Sonora population. Cactus shape may be more difficult to model, but
one can imagine forming artificial cactus rots with food free of cactus toxins, or using
only material from one cactus such that the toxins will be consistent between the two.
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One could form an artificial prickly pear cactus pad rot from organpipe material, for
example, or something along those lines, and flies emerging from these rots can be tested
for fitness. In this way, the cause of the activity difference in the populations may be
narrowed.
A similar test for hybrid incompatibility can be developed. Hybrid
incompatibility occurs when the fitness of the hybrids is lower than that of the parental
lines. F1 hybrids of the four D. mojavensis populations can be tested in the four different
cactus hosts for fitness. A lower fitness indicates hybrid incompatibility. A F1 cross
could be also formed with a cross between transgenic lines and the normal lines. The
fitness of these F1 hybrids can then be tested in the organpipe cactus and the prickly pear
cactus. This will not be as ecologically significant as the first test, but it will ensure that
the fitness effects are related to the gene(s) for activity specifically. If there is hybrid
incompatibility, then there may be reinforcement in future hybridization zones leading to
speciation of these two populations of D. mojavensis.
Other flies can also be tested for activity to test some of the theoretical work
regarding adaption. Drosophila mettleri from Sonora and from CI, for example, could be
measured for activity difference. Since the population in Sonora oviposits in the toxic
soil, and the CI population oviposits in the prickly pear cactus, one might expect the
Sonora population to have a much lower activity.

6.8 Conclusion
The results of this study show a significant difference in larval activity between
the four population of D. mojavensis, and leads to a plausible hypothesis of adaptive
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evolution where a host shift leads to different larval activities. This could be significant
in understanding the role of detoxification, foraging, competition, and host shape, among
other factors, in host shifts. Drosophila mojavensis is a unique model organism in that it
has four distinct populations, which are reproductively isolated. Observing how this
species begins to diverge can give new insights into how speciation occurs. If larval
activity is a significant factor in survival, then this may also be a factor in reinforcement
leading to speciation. For this reason, avenues of research into speciation are revealed by
these results. The SNP DNA libraries prepared in this study will be used in a QTL
analysis and further analysis with techniques like CRISPR/Cas9 to determine which
genes are responsible for the activity differences between four populations of D.
mojavensis. This will open possibilities of determining the reason this activity difference
exists in the D. mojavensis populations, and its influence in speciation.

48

REFERENCES

Allan, Carson. "Genome Wide Search for Positive Selection on Protein-Coding Genes
between Cactus Host Races of Drosophila Mojavensis." MS thesis, University of
Alabama in Huntsville, Huntsville, AL, 2013. Print.
Arnegard, Matthew E, et al. "Genetics of Ecological Divergence During Speciation."
Nature (2014). Print.
Bono, Jeremy M, et al. "Molecular Evolution and Population Genetics of Two Drosophila
Mettleri Cytochrome P450 Genes Involved in Host Plant Utilization." Molecular
Ecology 17.13 (2008): 3211. Print.
Borash, Daniel J, et al. "A Genetic Polymorphism Maintained by Natural Selection in a
Temporally Varying Environment." The American Naturalist 151.2 (1998): 148.
Print.
Borash, DJ, et al. "Density-Dependent Natural Selection in Drosophila: Correlations
between Feeding Rate, Development Time and Viability." Journal of
Evolutionary Biology 13.2 (2000): 181. Print.
Broman, Karl W, and Saunak Sen. A Guide to Qtl Mapping with R/Qtl. Vol. 46: Springer,
2009. Print.
Bush, Guy L. "Sympatric Host Race Formation and Speciation in Frugivorous Flies of
the Genus Rhagoletis (Diptera, Tephritidae)." Evolution (1969): 237. Print.
Byrne, Bridget Clare. "Behaviour-Genetic Analysis of Lovesongs in Desert Species of
Drosophila." University of Leicester, 1999. Print.
Campbell, Nathan R, Stephanie A Harmon, and Shawn R Narum. "Genotyping‐in‐
Thousands by Sequencing (Gt‐Seq): A Cost Effective Snp Genotyping Method
Based on Custom Amplicon Sequencing." Molecular Ecology Resources 15.4
(2015): 855. Print.
Clark, Andrew G, et al. "Evolution of Genes and Genomes on the Drosophila
Phylogeny." Nature 450.7167 (2007): 203. Print.

49

Coyne, Jerry A, and H Allen Orr. "" Patterns of Speciation in Drosophila" Revisited."
Evolution 51.1 (1997): 295. Print.
de Belle, J Steven, AJ Hilliker, and Marla B Sokolowski. "Genetic Localization of
Foraging (for): A Major Gene for Larval Behavior in Drosophila Melanogaster."
Genetics 123.1 (1989): 157. Print.
Etges, William J. "Premating Isolation Is Determined by Larval Rearing Substrates in
Cactophilic Drosophila Mojavensis. Iv. Correlated Responses in Behavioral
Isolation to Artificial Selection on a Life‐History Trait." The American Naturalist
152.1 (1998): 129. Print.
Etges, WJ, and WB Heed. "Sensitivity to Larval Density in Populations of Drosophila
Mojavensis: Influences of Host Plant Variation on Components of Fitness."
Oecologia 71.3 (1987): 375. Print.
Falconer, D. S., and Trudy F. C. Mckay. Introduction to Quantitative Genetics. 4th ed:
Longman Group, 1996. Print.
Fellows, David P, and William B Heed. "Factors Affecting Host Plant Selection in
Desert‐Adapted Cactiphilic Drosophila." Ecology 53.5 (1972): 850. Print.
Gilson, Etienne. From Aristotle to Darwin and Back Again: A Journey in Final
Causality, Species, and Evolution. Ignatius Press, 2009. Print.
Heed, William B. "Origin of Drosophila in the Sonoran Desert." Ecological genetics and
evolution: the cactus-yeast-Drosophila model system (1982). Print.
Hoarau, Galice, et al. "Pre-Zygotic Isolation in the Macroalgal Genus Fucus from Four
Contact Zones Spanning 100–10 000 Years: A Tale of Reinforcement?" Royal
Society Open Science 2.2 (2015): 140538. Print.
Joshi, Amitabh, and Laurence D Mueller. "Evolution of Higher Feeding Rate in
Drosophila Due to Density-Dependent Natural Selection." Evolution 42.5 (1988):
1090. Print.
Jost, Alexandria. "Local Adaptation in Pupation Preference and Larval Activity and Their
Implications for Ecological Speciation." MS thesis, University of Alabama in
Huntsville, Huntsville, AL, 2013. Print.
Kao, Joyce Y, and Sergey V Nuzhdin. "Spatial Distribution and Seasonal Fluctuations of
Drosophila on Santa Catalina Island with an Emphasis on the Repleta Species
Group." bioRxiv (2014): 007732. Print.

50

Kircher, HW. "Chemical Composition of Cacti and Its Relationship to Sonoran Desert
Drosophila." Ecological genetics and evolution: the cactus-yeast-Drosophila
model system (1982). Print.
Markow, Therese A. "Sexual Isolation among Populations of Drosophila Mojavensis."
Evolution 45.6 (1991): 1525. Print.
Markow, Therese Ann. "A Survey of Intra-and Interspecific Variation for Pupation
Height Indrosophila." Behavior Genetics 9.3 (1979): 209. Print.
Markow, Therese Ann. "Courtship Behavior and Control of Reproductive Isolation
between Drosophila Mojavensis and Drosophila Arizonensis." Evolution (1981):
1022. Print.
Matzkin, Luciano M. "The Molecular Basis of Host Adaptation in Cactophilic
Drosophila: Molecular Evolution of a Glutathione S-Transferase Gene (Gstd1) in
Drosophila Mojavensis." Genetics 178.2 (2008): 1073. Print.
Matzkin, Luciano M, and Walter F Eanes. "Sequence Variation of Alcohol
Dehydrogenase (Adh) Paralogs in Cactophilic Drosophila." Genetics 163.1
(2003): 181. Print.
Matzkin, Luciano M. "Population Genetics and Geographic Variation of Alcohol
Dehydrogenase (Adh) Paralogs and Glucose-6-Phosphate Dehydrogenase (G6pd)
in Drosophila Mojavensis." Molecular Biology and Evolution 21.2 (2004): 276.
Print.
Matzkin, Luciano M., et al. "Functional Genomics of Cactus Host Shifts in Drosophila
Mojavensis." Molecular Ecology 15.14 (2006): 4635. Print.
Mayr, Ernst. Systematics and the Origin of Species, from the Viewpoint of a Zoologist.
Harvard University Press, 1942. Print.
Mayr, Ernst. Animal Species and Evolution. Vol. 797: Belknap Press of Harvard
University Press Cambridge, Massachusetts, 1963. Print.
McDonald, John H, and Martin Kreitman. "Adaptive Protein Evolution at the Adh Locus
in Drosophila." Nature 351.6328 (1991): 652. Print.
Meyer, Joanne M, and James C Fogleman. "Significance of Saguaro Cactus Alkaloids in
Ecology Ofdrosophila Mettleri, a Soil-Breeding, Cactophilic Drosophilid."
Journal of Chemical Ecology 13.11 (1987): 2069. Print.
Mueller, Laurence D. "Evolution of Competitive Ability in Drosophila by DensityDependent Natural Selection." Proceedings of the National Academy of Sciences
85.12 (1988): 4383. Print.
51

Mueller, Laurence D, and Thomas T Barter. "A Model of the Evolution of Larval
Feeding Rate in Drosophila Driven by Conflicting Energy Demands." Genetica
143.1 (2015): 93. Print.
Mueller, Laurence D, et al. "Evolution of Larval Foraging Behaviour in Drosophila and
Its Effects on Growth and Metabolic Rates." Physiological Entomology 30.3
(2005): 262. Print.
Oderberg, David S. Real Essentialism. Routledge, 2007. Print.
Osborne, KA, et al. "Natural Behavior Polymorphism Due to a Cgmp-Dependent Protein
Kinase of Drosophila." Science 277.5327 (1997): 834. Print.
Reed, LK, M Nyboer, and TA Markow. "Evolutionary Relationships of Drosophila
Mojavensis Geographic Host Races and Their Sister Species Drosophila
Arizonae." Molecular Ecology 16.5 (2007): 1007. Print.
Riedl, C. A., et al. "Genetic and Behavioral Analysis of Natural Variation in Drosophila
Melanogaster Pupation Position." Fly (Austin) 1.1 (2007): 23. Print.
Robertson, Forbes W. "Studies in Quantitative Inheritance Xi. Genetic and
Environmental Correlation between Body Size and Egg Production in Drosophila
Melanogaster." Journal of Genetics 55.3 (1957): 428. Print.
Ruiz, Alfredo, WB Heed, and M Wasserman. "Evolution of the Mojavensis Cluster of
Cactophilic Drosophila with Descriptions of Two New Species." Journal of
Heredity 81.1 (1990): 30. Print.
Ruiz, Alfredo, and William B Heed. "Host-Plant Specificity in the Cactophilic
Drosophila Mulleri Species Complex." The Journal of Animal Ecology (1988):
237. Print.
Russo, CA, Naoko Takezaki, and Masatoshi Nei. "Molecular Phylogeny and Divergence
Times of Drosophilid Species." Molecular Biology and Evolution 12.3 (1995):
391. Print.
Sanders, Mollye. "Functional Analysis of Glutathione S-Transferase Natural Variants
Associated with Cactus Host Adaptation in Drosophila Mojavensis." MS thesis,
University of Alabama in Huntsville, Huntsville, AL, 2017. Print.
Smith, Gilbert, et al. "Model‐Based Comparisons of Phylogeographic Scenarios Resolve
the Intraspecific Divergence of Cactophilic Drosophila Mojavensis." Molecular
Ecology 21.13 (2012): 3293. Print.

52

Sokolowski, Maria B, and RIC Hansell. "Elucidating the Behavioral Phenotype
Ofdrosophila Melanogaster Larvae: Correlations between Larval Foraging
Strategies and Pupation Height." Behavior Genetics 13.3 (1983): 267. Print.
Sokolowski, Marla B. "Foraging Strategies Ofdrosophila Melanogaster: A Chromosomal
Analysis." Behavior Genetics 10.3 (1980): 291. Print.
Sokolowski, Marla B. "Drosophila: Genetics Meets Behaviour." Nature Reviews Genetics
2.11 (2001): 879. Print.
Soto, Ignacio M, et al. "Differences in Tolerance to Host Cactus Alkaloids in Drosophila
Koepferae and D. Buzzatii." PloS one 9.2 (2014): e88370. Print.
Stintzing, Florian C, and Reinhold Carle. "Cactus Stems (Opuntia Spp.): A Review on
Their Chemistry, Technology, and Uses." Molecular Nutrition & Food Research
49.2 (2005): 175. Print.
Tipton, Jason. "Aristotle's Fish: The Case of the Kobios and Phucis." Perspectives in
biology and medicine 49.3 (2006): 369. Print.
Wasserman, Marvin, and H Roberta Koepfer. "Character Displacement for Sexual
Isolation between Drosophila Mojavensis and Drosophila Arizonensis." Evolution
(1977): 812. Print.
Wright, Sewall. "Evolution in Mendelian Populations." Genetics 16.2 (1931): 97. Print.
Wright, Sewall. "Breeding Structure of Populations in Relation to Speciation." The
American Naturalist 74.752 (1940): 232. Print.
Wuellner, Bernard. A Dictionary of Scholastic Philosophy. 2nd ed. Milwaukee: The
Bruce publishing company, 1966. Print.
Zouros, E, and CJ d'Entremont. "Sexual Isolation among Populations of Drosophila
Mojavensis: Response to Pressure from a Related Species." Evolution (1980):
421. Print.

53

